Abstract Ocean Drilling Program Leg 199 Site 1220 provides a continuous sedimentary section across the Paleocene/Eocene (P/E) transition in the carbonate-bearing sediments on 56-57 Ma oceanic crust. The large negative δ 13 C shift in seawater is likely due to the disintegration of methane hydrate, which is expected to be rapidly changed to carbon dioxide in the atmosphere and well-oxygenated seawater, leading to a reduction in deep-sea pH. A pH decrease was very likely responsible for the emergence of agglutinated foraminiferal fauna as calcareous fauna was eliminated by acidification at the P/E transition at Site 1220. The absence of the more resistant calcareous benthic foraminifera and the presence of the planktonic foraminifera at Site 1220 is interesting and unique, which indicates that calcareous benthic foraminifera suffered greatly from living on the seafloor. Box model calculation demonstrates that, assuming the same mean alkalinity as today, pCO 2 must increase from 280 ppm to about 410 ppm for the calcite undersaturation in the deep ocean and for the oversaturation in the surface ocean during the P/E transition. The calculated increased pCO 2 coincides with paleo-botanical evidence. The current global emission rate (∼7.3 peta ( 10 15 ) gC/y) of anthropogenic carbon input is approximately 30 times of the estimate at the P/E transition. The results at the P/E transition give an implication that the deep sea benthic fauna will be threatened in future in combination with ocean acidification, increased sea surface temperature and more stratified surface water.
INTRODUCTION
The Paleocene/Eocene (P/E) transition, often referred to as the Paleocene-Eocene thermal maximum, is characterized by large excursions or 'events' in the oxygen and carbon isotope records (e.g., Kennett & Stott 1991) . The duration of these events are estimated to be no more than 10 ky with P/E transition conditions with a total duration of about 215 ± 5 ky for carbon isotope excursion (Röhl et al. 2000) . Benthic foraminiferal δ
18
O values indicate that oceanic deep waters warmed substantially worldwide, from about 10 to 18°C in high latitudes (Kennett & Stott 1991) and from about 10 to 16°C in the tropics (Bralower et al. 1995) . Sea-surface temperatures (SSTs), as recorded in planktonic foraminiferal δ
O and/or Mg/Ca values showed a little change from about 26 to 28°C at low latitudes but larger increase at high latitudes (Kennett & Stott 1991; Tripati & Elderfield 2004) , leading to diminished vertical and latitudinal thermal gradients (Kelly et al. 1996) . These estimates have been reconfirmed by recent detailed analysis of TEX86 and foraminiferal δ 18 declines of coralgal reefs could be attributed to SST in the tropics beyond the maximum temperature range of corals (Scheibner & Speijer 2008) . In the terrestrial environments, a widespread increase in kaolinite was interpreted to herald a warm, wet climate (Kennett and Stott, 1991) . In association with these environmental changes, ocean circulation, primary productivity, carbonate dissolution and hydrologic cycle showed severe disturbed wide range of environments (Bralower 2002; Ernst et al. 2006; Stassen et al. 2012) .
Coincident with the P/E transition, the global carbon cycle experienced a concomitant huge perturbation (Zachos et al. 2001) . A large δ 13 C anomaly, which has been observed in deep-sea sediments, terrestrial soil carbonates and mammal teeth associated with a major turnover in land mammal assemblages, was −3‰ (up to −6‰) over an interval of about 100-200 ky near the end of the Paleocene (Kennett & Stott 1991; Koch et al. 1992; Bralower et al. 1997; Pak et al. 1997; Norris & Röhl 1999; Pagani et al. 2006) . Several explanations of a large negative shift in δ 13 C have been proposed: (i) dissociation of submarine methane hydrates (Dickens et al. 1995; Xu et al. 2001) ; (ii) volcanism including hydrothermal activity on the seafloor (Bralower et al. 1997; Svensen et al. 2004) ; and (iii) the collision of a comet (Kent et al. 2003) . While currently available data strongly support explanations that involve injection of large amounts of organically derived methane hydrates, the exact triggering mechanism such as slope disturbance and/or landslide for the hydrate collapse has not yet been agreed (Katz et al. 1999; Storey et al. 2007) . The amount of carbon required to explain the negative δ 13 C shift is estimated to be as large as 2000 peta (10 15 ) gC (Dickens et al. 1997; Zachos et al. 2005) .
In the oceans, the δ 13 C anomaly coincides with the most dramatic extinction of 35-50% of cosmopolitan benthic foraminifera in the past 100 million years (Tjalsma & Lohmann 1983; Kelly et al. 1996; Thomas & Shackleton 1996) and a rapid shoaling of the global CCD (Calcite Compensation Depth) (Zachos et al. 2001; Kroon et al. 2004) . However, the degree of extinction(s)/faunal turnovers was apparently much less severe for continental shelf benthic foraminifera and minimal for planktonic ecosystems, including planktonic foraminifera faunas, calcareous nanoplankton, and dinoflagellate floras (Raffi et al. 2005) . The specific mechanism behind the deep sea benthic foraminifer extinction remains unclear. However, several ideas have been proposed: (i) the formation of oxygendeficient deep waters (Kelly et al. 1996; Katz et al. 1999) ; (ii) warm saline bottom water from the low latitude (Bice & Marotzke 2001) ; and (iii) dissolution of deep-sea carbonate (Zachos et al. 2005) .
There have been few P/E sections available with accurate age control because the interval is often affected appreciably by intense carbonate dissolution. However, Ocean Drilling Program (ODP) Leg 199 provides a continuous sedimentary section across the P/E boundary in the carbonate-bearing sediments on 56-57 Ma oceanic crust. In this paper, we present high time resolution records from Leg 199 of benthic foraminiferal assemblage and sediment geochemistry in order to discuss the plausible causal relationship between deep sea benthic foraminiferal mass extinction and acidification at the P/E transition with implications for the future as the global ocean becomes increasingly acidic under continued emissions of anthropogenic carbon into the atmosphere.
MATERIAL AND METHODS

GEOLOGIC SETTING AND STUDIED CORES
The ODP Leg 199 Site 1220 is currently located at a water depth of 5218 m in typical abyssal hill topography at 10°10.601′N, 142°45.491′W in the North Pacific Ocean (Fig. 1 ). Based upon a fixed hotspot model (Gripp & Gordon 1990 , for the 0-to 5-Ma Pacific hotspot rotation pole; Engebretson et al. 1985 , for older poles), Site 1220 must have been located at around 3°S of the equator at 56 Ma. Thus Site 1220 must have been affected by the South Equatorial Current in the early Eocene and the late Paleocene. Hole 1220B was drilled into sediments, reaching basement at around 200 meters below sea-floor (mbsf). The lower part of the sedimentary sequence corresponds to a lower Eocene-upper Paleocene unit (∼185-200 mbsf) of partially dolomitized nanofossil ooze, radiolarian nanofossil ooze, radiolarian ooze, calcareous chalk, and black clay atop an aphanitic to fine-grained phaneritic basalt.
TRANSITION AT SITE 1220
Both planktonic foraminifers and calcareous nanofossils provide a detailed zonation of a condensed sequence of lower Eocene and upper Paleocene nanofossil oozes (Shipboard Scientific Party of Leg 199, 2002) . The extinction of Paleocene benthic foraminifers, the appearance of the nanofossil genus Rhomboaster, the extinction of the nanofossil genus Fasciculithus, and the presence of excursion fauna of planktonic foraminifers present a detailed biostratigraphy of the P/E transition in Unit 5 (187.9-200.0 mbsf) at Site 1220. The onset of the carbon isotope excursion, which marks the Paleocene/Eocene transition, coincides with the beginning of a benthic foraminiferal gradual extinction in Unit 5 by the comparison between Sites 1220 and 1221 (Nunes & Norris 2005) .
Alternating intervals of white and pale brown calcareous chalk occur between 198.90 and 199.38 mbsf and contain a minor amount (5-10%) of poorly preserved nanofossils. White layers occur between 199.15 and 199.23 mbsf and contain 15-30% planktonic foraminifers. The sediments below this interval consist of faintly banded, dark yellowish brown calcareous chalk devoid of microfossils. Dolomite (up to 10%) and clay (10-35%) also occur in this lithology. Below 199.38 mbsf is a 12 cm thick layer of very dark brown calcareous chalk underlain by black clay (199.50-199.55 ). Major components of both sediments are dolomite, iron manganese oxides, and clay. Dolomite content decreases over the interval from 199.52 to 199.54 mbsf, and very limited calcareous or siliceous fossils were observed in corresponding smear slides. Directly beneath the black clay is a 4 cm thick interval of yellowish red calcareous chalk (199.55-199.59 mbsf) . Within this interval is a 1 cm-thick brownish yellow layer of calcareous chalk. Sediments in the yellowish red layers are weakly laminated and contain clay, dolomite, calcite and a minor percentage of nanofossils. Iron manganese oxides and opaque minerals are minor components. The brownish yellow chalk layer (199.59-199 .68 mbsf) contains clay, dolomite, iron manganese oxide, volcanic glass and abundant small mottles. Nanofossils are rare in these layers (Shipboard Scientific Party of Leg 199, 2002) .
Across the P/E transition, a total of 116 sediment samples were analyzed for inorganic chemistry and foraminiferal assemblage. Resolution is generally every 2 cm (∼1 ky) but only every 1 cm close to the P/E transition.
ANALYTICAL PROCEDURE
For the foraminiferal analysis, sediment samples were washed in a 63 μm sieve and then dried at < 80°C. Samples were sieved further through a 150 μm sieve, and divided into aliquots for picking with a microsplitter. For assemblage analysis, more than 200 specimens (>150 μm) were picked, identified, and counted. We follow the taxonomy of Cushman (1935 Cushman ( , 1946 Cushman ( , 1951 , Ellis and Messina (1940) , Tjalsma and Lohmann (1983) , Loeblich and Tappan (1987) , Nomura (1991) , Speijer (1994) and Widmark (1997) .
Sediment aliquots for inorganic chemistry were crushed to fine powder after drying at 40-50°C. Samples were decomposed according to following procedure: 100 mg of grained powder aliquot sample was weighed into a 50 mL Teflon beaker, which was placed on a hot plate. Then, 3 mL of HClO 4 , 2.5 mL of HCl and HNO 3 and 5 mL of HF were added. After the sample was decomposed once at 95°C for 10 h and twice at 140°C for 12 h, the solutions were diluted with 5 mL of HNO 3 and distilled MilliQ-water to adjust the total volume to 100 mL. Then the prepared sample solution was analyzed by a SPS7800 inductively coupled plasma atomic emission spectrometer (ICP-AES) and HP-4500 inductively coupled plasma mass spectrometer (ICP-MS) analyzers at the Geological Survey of Japan (GSJ) according to Maeda et al. (2002) . Reference rock standards provided by the GSJ (JB-2, JA-2, JG-1A, JG-2, JR-1) as well as standard solutions prepared from pure elemental standard solutions were used for calibration. Relative standard deviation of >3 ppm for major and Ocean acidification and foraminifera 3 minor elements was less than 1% for contents in the sediments while for trace elements it was less than 5%.
RESULTS
INORGANIC ELEMENTS IN THE SEDIMENTS
Contents of inorganic elements (Ca, Al, Mn, Fe and Ba) are plotted as a function of stratigraphic distance below seafloor ( Their abundance in the sediments changed dramatically across the P/E transition, where biogenic carbonate is depleted while clay minerals with high abundance of heavy metals are enriched. Based upon color of sediments and relative abundance of each elements and correlation among various elements, this section is divided into six parts: (i) light brown sediments (above 199.38 mbsf); (ii) dark brown sediments (199.38-199 .50 mbsf); (iii) black sediments (199.50-199 .55 mbsf); (iv) Red sediments (199.55-199 .59 mbsf); (v) brown sediments (199.59-199 .68 mbsf); and (vi) Pale brown sediments (below 199.68 mbsf). The P/E boundary was identified at 199.68 mbsf.
Of these, light brown and pale brown sediments represent fairly normal sediments deposited during the late Paleocene and the early Eocene in the Pacific, respectively. Generally speaking, light brown color sediments can be attributed to higher contents of Ca in carbonate while pale brown color sediments show less carbonate content. Ca was largely absent in the other sediments (dark brown, black, red and brown sediments between 199.38 and 199.68 mbsf) (Periods 2, 3, 4, and 5). Following previous studies of the P/E transition (Zachos et al. 2005) , we attribute the absence to carbonate dissolution. Sedimentary Al content shows the opposite trend: low abundance in light brown and pale brown sediments (above 199.38 mbsf and below 199.68 mbsf) (Periods 1 and 6) and high abundance in the other sediments. Higher content of Mn, which occurs in the form of Mn oxide, corresponds to black and dark brown sediments. Fe and Ba were also enriched in dark brown, black, red and brown sediments.
FAUNAL ANALYSIS OF BENTHIC FORAMINIFERA
We conducted a high resolution analysis of benthic foraminiferal abundance from 198.90-199.79 mbsf in order to constrain the P/E transition ( Fig. 3 , Table S1 ). The analysis showed dramatic changes in abundance and species assemblage throughout these samples (Fig. 3) .
Although carbonate content was sufficiently high and preserved planktonic and benthic foraminifera in the light brown calcareous chalk of the bottom of the Eocene, the number of foraminifera per gram chronologically increased from less than 100 to about 300 at around 199.18 mbsf. The taxa such as Nuttallides truempyi, Oridorsalia umbonatus and Pleurostomella paleocenica were characterized by their small size. In this zone, Coryphostoma crenulata and Ellipsoglandulina velascoensis occurred only in the Eocene section. These benthic foraminifers were very thin walled. In contrast, planktonic foraminifers were very abundant, which commonly reached as high as 90%.
Both benthic and planktonic foraminifers decreased in abundance downcore. Planktonic foraminiferal tests became increasingly fragmented in multicolored beds near the P/E transition. Benthic foraminifers were extremely rare or completely absent in the dark brown, black, red and brown sediments (199.38-199 .68 mbsf) (Periods 2, 3, 4, and 5). Nuttallides truempyi and O. umbonatus were very poorly preserved and showed secondary calcite overgrowths on test surfaces at 199.32-199.39 mbsf (light brown/dark brown sediment transition). Both benthic and planktonic foraminifers with normal calcareous tests were absent at 199. 48-199.49 (dark brown sediment) in Period 2, 199.51-52 (dark brown sediment) in Period 3, 199.54-59 (dark brown to red sediment) in Periods 3 and 4 and 199.62-199.63 mbsf (brown sediment) in Period 5. These intervals showed the most marked color changes in this core and were associated with well-developed dolomite crystals.
Most interestingly, benthic foraminifera with agglutinated walls (Saccorhiza ramosa, Rhabdammina sp., Ammoglobigerina sp. and Haplophragmoides sp.) became dominant in these intervals in spite of the low overall number of foraminifera per gram. A sample at 199.64-68 mbsf (brown sediment) included poorly preserved N. truempyi, O. umbonatus, Bulimina tuxpamensis, Tappanina selmensis and Valvalabamina sp., all of which were heavily 199.80 199.60 199.50 199.40 199.30 199.20 199.10 199.00 198.90 199.70 mbsf
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Fig. 2
The contents of major and minor elements (Ca, Al, Mn, Fe and Ba) of sediments across the P/E boundary at Site 1220. Photograph of sediments with the description of mineralogy came from Shipboard Scientific Party (2002) . The P/E boundary was identified at 199.68 mbsf. A / a t a r d a u q a n i m a s s y b A s i s n e m a p x u t a n i m i l u B a t a d i m a r y p a n i y r d u a G a n i m i l u b e a r P . p s s i s n e m l e s a n i n a p p a T 
Fig. 3
The distribution of foraminiferal number per sediment gram, percentages of agglutinated assemblages in the total number of benthic foraminifer and planktonic foraminifera percentage in total occurrence of foraminifera across the P/E boundary. Based on the last occurrence of the taxa of the Velasco-type stratigraphic distribution of benthic foraminifers, the P/E boundary was identified (Shipboard Scientific Party, 2002).
recrystallized. These samples contain abundant small (∼160-190 μm) crystals of dolomite, whose growth might account for the poor preservation of these species. Planktonic foraminifers were very rare in these samples. Members of the Velasco-type assemblage (i.e., deep-water benthic faunas) such as Gavelinella beccariiformis,Globorotalites micheliniana, Lenticulina whitei, Neoepnides hillebrandti and Stilostomella plummerae were found in all analyzed samples below 199.68 mbsf (Period 6). Based on last occurrence of the taxa, the P/E transition is identified at a depth of 199.68 mbsf in this hole.
In the late Paleocene pale brown sediment (199.68-199 .79 mbsf) in Period 6, carbonate content increased to high values for carbonaceous sediments. The number of foraminifera per gram ranged from 133 to 220. Bralower et al. (1997) suggested that deep-water oxygen deficiency is the main cause for a mass extinction of deep-sea fauna during the P/E transition, citing evidence for a major episode of explosive volcanism. Oxygen deficiency can be caused by the oxidation of substantial amounts of methane. However, in this study, we find no evidence of anoxia in the sediments around the P/E transition at Site 1220 (Fig. 2) . Black color sediments are often attributed to ocean anoxic environments as is observed in black shales observed during ocean anoxic events (OAE) I and II during the Cretaceous. These sediments often contain as much as 5 wt% of organic carbon (Takashima et al. 2009 ). However, in core 1220, abundant Mn oxides are responsible for the dark color in the black and red sediments (199.50-199 .59 mbsf), where ferric (F 3+ ) oxides were precipitated (Fig. 2) . It indicates a well-oxygenated deep-sea water across the P/E transition.
DISCUSSION
OXIC DEEP WATER ENVIRONMENTS AT THE P/E TRANSITION
We also find elevated content of Ba in the black, red and brown sediments (199.50-199 .68 mbsf) at Site 1220 (Fig. 2) . We take this as indication of oxygenated waters as Bains et al. (2000) reported that barite is well preserved in oxic sediments from the equatorial to high latitude in the Atlantic at the P/E transition, which indicates a lack of Ba remobilization due likely to sulfate reduction. Kennett and Stott (1991) also pointed out that deep waters are unlikely to have become anoxic during the excursion because there is no increase in organic carbon accumulation in the Antarctic Ocean and possibly elsewhere.
Warm saline bottom water might be one of factors that lead to the mass extinction at the P/E transition. Bice and Marotzke (2001) examined whether deep-water formation could have occurred in subtropical latitudes in the early Cenozoic using a global ocean general circulation model forced by zonal mean SST and wind stresses derived from an atmospheric general circulation model (AGCM) simulation of the warm P/E transition interval (∼55 Ma) and are held constant for a series of sensitivity tests. In their simulation where subtropical evaporation increases and highlatitude precipitation is enhanced, a dramatic response is seen in the temperature and salinity structure of the model ocean. However, the simulation does not result in deep convection in subtropical latitudes. In all cases, bottom water is formed in the southern high latitude. The Bice and Marotzke (2001) study therefore does not support the notion that warm saline bottom water contributed to a mass extinction of deep-sea fauna.
Other lines of observation support the notion that the deep ocean during the P/E transition experienced acidification, which may have contributed to the mass extinction at that time. Lower pH would be consistent with the well known P/E transition sediments marked by finely layered deposits devoid of carbonate in several sediment sections from the north and central Atlantic Ocean (Dickens 2004) . A leading explanation for the large negative δ 13 C shift in seawater, as indicated by benthic foraminifera, during the P/E transition is the disintegration of methane hydrate. With a mean δ 13 C of <−60‰, methane can explain the negative shift. Upon release to the water column, methane was expected to be oxidized to carbon dioxide in the ocean and atmosphere. CO 2 is an acidic and therefore it would lead to a reduction in deep-sea pH, possibly triggering a rapid (<10 ky) shoaling of the CCD by >2 km, followed by gradual recovery (>100 ky) (Zachos et al. 2005) . A recent model-data comparison suggests further that methane by itself may have been insufficient to cause the expected deep sea acidification and that an additional source of CO 2 from volcanoes and/or the oxidation of sedimentary organic carbon is required to account for the intensity of bottom carbonate dissolution in the Atlantic and Pacific (Panchuk et al. 2008) .
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OCCURRENCE OF AGGLUTINATED FAUNA IN THE DEEP SEA ACROSS THE P/E TRANSITION
Three important characteristics about the occurrence of planktonic and benthic foraminifera are demonstrated (Fig. 3) : (i) Calcareous foraminiferal tests are quite poorly preserved at the P/E transition. (ii) In spite of no calcareous benthic foraminifera, a few agglutinated benthic foraminifera such as S. ramosa, Rhabdammina sp. and Ammoglobigerina sp. occurred in the sediments in quite low numbers. (iii) Planktonic foraminifera tests were largely dissolved but some were persistent against dissolution on the seafloor.
The apparent change in the dominance of calcareous to agglutinated benthic fauna at the P/E transition at Site 1220 is particularly noteworthy and indicates the effect of increased acidic condition in the deep sea. The same feature of non-calcareous agglutinated foraminifera increase dramatically was observed, probably related to intense but no complete dissolution of carbonate across the P/E transition in Egypt, Italy and Spain (Alegret & Ortiz 2006; Zili et al. 2009; Giusberti et al. 2009 ). The agglutinated species e.g., Glomospira charoides, Karrerulina horrida, Rzehakina epigone, Ammodiscus spp. and Gaudryina pyramidata, assumed to be restricted to deep-sea paleo-environments, constitute an important proportion of the benthic foraminiferal assemblages in southern Tethys (Zili and Zaghbib-Turki 2010). These lines of evidence indicate that the agglutinated species contributed to benthic foraminifera much across the P/E transition.
In hydrothermal vents and mounds of the Okinawa Trough, bottom water temperature and salinity anomalies are commonly small except in the immediate vicinity of active hydrothermal chimneys. In the bottom and interstitial waters that are more acidic than the surrounding ambient bottom water, the proportion of the agglutinated foraminifera to total benthic foraminifera (A/T) was generally high (>40%). This value decreases in a very predictable manner with increasing distance from a hydrothermal vent. This observation indicates that the distinct ecological advantage that agglutinated foraminifera enjoy in waters where acidity becomes stronger (Akimoto et al. 1990) . Similar results of the dominance by agglutinated species due to acidification were reported in an active volcanic caldera (Finger & Lapps 1981) . Organic-cemented agglutinated walls can be deposited in any water regardless of corrosivity with respect to carbonate. The majority of species live satisfactory only above the CCD (Murray 2008) . The sub-CCD faunas of the modern Pacific are comprised of diverse agglutinated foraminifera (Saidova 1975) . Also spatial community shift from hard to soft corals was reported in acidified water (Inoue et al. 2013) . These lines of evidence suggest that a pH decrease was very likely responsible for the emergence of agglutinated foraminiferal fauna as calcareous fauna was eliminated by acidification at the P/E transition at Site 1220.
OCEAN ENVIRONMENTS AFFECTING PLANKTONIC AND BENTHIC FORAMINIFERA AT THE P/E TRANSITION
The limited presence of tests of planktonic foraminifera in the sediments of the P/E transition in core 1220 (Fig. 3) indicates that most of the tests were dissolved in the water column and in the sediments. The absence of the more resistant calcareous benthic foraminifera and the presence instead of the agglutinated foraminifera indicates that calcareous benthic foraminifera suffered much and hardly lived on the seafloor at the P/E transition at Site 1220.
We do not necessarily imply that the carbonate ion concentration of the deep waters at the time was undersaturated with respect to minerals, calcite or aragonite. In fact the preservation of planktonic foraminiferal tests, even in small amounts, would argue that the deep waters were not undersaturated. We suggest, however, that the degree of supersaturation was sufficiently low that the calcification of benthic foraminifera was severely retarded or limited and this is likely the cause of their extinction. The effect of the degree of saturation on calcification rates has been demonstrated in recent years by a number of laboratory and field studies. Published data on corals, coccolithophores and foraminifera all show a definite reduction in calcification by 5-25% in response to a doubling of pCO 2 from pre-industrial values (from 280 to 560 ppm pCO 2 ) (Feely et al. 2004 ). This reduced calcification rate also occurs even when the carbonate saturation level was above one (at values below one, carbonate dissolved). A positive correlation between foraminiferal shell weight and the carbonate saturation state is observed in the palaeoceanographic record as a response to known glacial-interglacial change in pCO 2 of the past 50 ky (Baker & Elderfield 2002) . Plotting calcification rate versus the carbonate ion concentration reveals a similar slope with one half to one third decrease in calcification rate with [CO 3
2− ] decreasing from 400 to 100 μM (Erez 2003) . In addition, culture study of cloned specimens of the large benthic foraminifer, Marginopora kudakajimensis, indicate that their growth rate, measured by shell diameter, shell weight and the number of chambers added, decreased with lowering pH, lowering [CO 3
2− ], and shell weight, in particular, was more closely dependent upon pH than shell diameter or the number of chambers (Kuroyanagi et al. 2009; Hikami et al. 2011) . Anomalous shift in foraminiferal test size across the P/E transition could result from pH reduction although Kaiho et al. (2006) attributed it to deficient dissolved oxygen.
In the case of deep sea, pressure is also another important factor to control carbonate saturation level, which controls calcification rate and carbonate dissolution. Saturation level of [CO 3
2− ] decreases rapidly versus water depth if Ca concentration is constant. The values are 1.9 and 3.2 times of that of surface water at a water depth of 3000 m and 6000 m, respectively, at temperature of 2°C and salinity of 35 per (or permill). Therefore it would be concluded that ocean acidification at deep sea with reduced carbonate saturation level would have been the most plausible cause for drastic change from calcareous to agglutinated benthic foraminiferal fauna at the P/E transition. It is supported by the observation that benthic foraminifera from marginal and epicontinental basins show lesser extinctions and/or temporary assemblage change (Alegret & Ortiz 2006) .
DEEP AND SURFACE WATER CONDITION ACROSS THE P/E TRANSITION
The atmospheric carbon dioxide concentrations in the early Cenozoic era (about 45-60 Ma) are widely believed to have been much higher than at present. For example, boron-isotope ratios of planktonic foraminiferal shells may provide some constraints on estimation of the paleo-pH and indicate that atmospheric pCO 2 was perhaps >2000 ppm from about 60 to 52 Ma (Pearson & Palmer 2000) . This value is, however, likely too high because these values were comparable or higher than estimated pCO 2 even during the more typical 'hot house', Cretaceous times (Takashima et al. 2009 ). It has further been pointed out that current boron isotope technique has considerable uncertainty because of unconstrained boron isotope budget in the past ocean (Lemarchand et al. 2000; Pagani et al. 2005) . In contrast, paleobotanical evidence suggests that pCO 2 remained between 300 and 450 ppm between 54 and 58 Ma with the exception of a single high estimate (∼800 ppm) near the P/E transition (Royer et al. 2001) . Assuming that the extinction of calcareous benthic foraminifera at the P/E transition is indeed due to deep ocean acidification as we suggested in this study, we can provide some constraint on the atmospheric pCO 2 during that time by using a simple three box model, which is similar to that described by Yamamura et al. (2007) .
In Figure 4 , we show how Δ[CO 3
2− ], the degree of carbonate ion saturation, relative to calcite depends on alkalinity and atmospheric pCO 2 at the surface (dotted lines) and 3000 m water depth (solid lines) for the modern (Fig. 4a) and P/E transition (Fig. 4b) . In making these figures, we assumed the same strength of the biological pump (see Fig. 4 Fig. 4a ). This is a reasonable representation of the modern Pacific, where much of the deep ocean is undersaturated. This thermodynamic pressure effect obviously exists for the P/E conditions, where the same preindustrial pCO 2 and alkalinity value give Δ[CO 3 = ] of about 240 μmol/kg at the surface and 40 μmol/kg at the surface (see open circle in Fig. 4b ). The surface-deep difference is still about 200 μmol/kg. The difference of about 40 μmol/kg at 3000 m and depth between the modern and P/E conditions is due to the higher temperature at the P/E time. This is a direct consequence of the fact that the higher SST reduces the CO 2 solubility and therefore there is less dissolved inorganic carbon (DIC) in the warmer P/E ocean. For the same atmospheric pCO 2 and mean ocean alkalinity, the world ocean with less DIC is more basic and Δ[CO 3 = ] is higher. This means that in order to make the P/E deep ocean undersaturated or close to Δ[CO 3 = ] = 0, the atmospheric pCO 2 must be significantly higher (or alkalinity much lower). Figure 4 shows that for the same mean alkalinity as today, pCO 2 must increase from 280 ppm to >410 ppm in order to make the P/E deep ocean undersaturated (see the Δ[CO 3 = ]= 0 contour line in Fig. 4b) .
If the ocean mean alkalinity were much higher, then the required pCO 2 to the P/E ocean undersaturated would be even higher. There is indeed Ocean acidification and foraminifera 11 expectation that the P/E ocean had a higher alkalinity, if we assume that the CH 4 released was oxidized to CO 2 and dissolved deep-sea carbonate. As total of 2000 peta gC of CH 4 was converted to CO 2 and reacted with calcium carbonate in the ocean, alkalinity may increase by a maximum of 200 μmol-eq/kg, which corresponds to approximately 10% increase in alkalinity in the ocean. Of course, duration time is estimated to be 10 ky. Alkalinity increase at an initial stage might be an order of 100 μmol-eq/kg. Higher alkalinity also raises the oversaturation level. However, Figure 4b shows that the deep ocean becomes undersaturated at pCO 2 of about 530 and 470 ppm at the maximum and a half of the alkalinity range, respectively. As mentioned before, at the P/E transition, the pCO 2 suddenly increased by several hundred ppm or more, which would be consistent with the deep-sea acidification for the dissolution of inorganic carbonate and much difficulty of the production of calcareous shells of benthic foraminifer. In contrast, surface ocean is still oversaturation of calcium carbonate due to the pressure effect (Fig. 4b) .
IMPLICATION FOR FUTURE ENVIRONMENTS
Based upon mass-balance calculations, previous studies estimated that a total amount of 2000 peta gC of CH 4 in oceanic hydrates (with a δ 13 C of −60‰) was rapidly released to the ocean and atmosphere at an average rate of ∼0.2 peta gC/y of CO 2 over 10 ky in order to explain the observed δ 13 C excursion at the P/E transition (Dickens et al. 1995; Zachos et al. 2005) . This rate is approximately 1/30 of current global emission rate (∼7.3 peta gC/y) of anthropogenic carbon input on time scales. This makes the P/E transition event is a possible analog of the modern human perturbation to the ocean-atmosphere carbon system (Dickens et al. 1995) .
The rising level of pCO 2 is making the world's oceans more acidic. The pH dropped from about Fig. 4 The dependence of the degree of carbonate ion saturation with respect to mineral calcite at the surface (dotted lines) and deep ocean (solid lines) as a function of atmospheric pCO2 and mean alkalinity for the modern (a) and P/E transition (b). For any pressure or depth, carbonate ion concentration can be readily calculated given four parameters: temperature, salinity, alkalinity and dissolved inorganic carbon (DIC). Salinity is assumed to be constant at 35 PSU for both times. For the modern temperature, we used global mean annual temperature of 22.1°C at the surface and 1.8°C at 3000 m for the modern time (Matsumoto et al. 2002) . For the P/E transition, we assumed 28°C for the surface and 18°C at depth, respectively (Kennett & Stott 1991; Tripati & Elderfield 2004) . No assumption is made about the mean ocean alkalinity (vertical axis). For both times though, we assume the same carbonate pump strength as today, so that the alkalinity concentration at the surface is set to be lower by 113 μmol-eq/kg compared to the ocean mean (Matsumoto et al. 2002) . For the surface, we calculate the equilibrium concentrations of DIC and carbonate ion using 35 PSU, assumed temperatures and for the ranges of alkalinity and atmospheric pCO2 (horizontal axis). The deep ocean DIC is obtained from surface ocean DIC assuming the modern carbon pump strength as indicated by the deep-to-surface DIC gradient of 375 μmol-eq/kg (Matsumoto et al. 2002) . After subtracting the saturation carbonate ion concentration from the estimated carbonate ion concentration at the two pressure levels, the saturation carbonate ion concentration or 8.15 in the pre-industrial time to about 8.06 today and is projected to further drop to 7.9 by the end of this century (Kleypas et al. 1999) . This acidification will in turn reduced the degree of carbonate ion saturation for the global ocean. Modern-day surface [CO 3 2− ] varies meridionally by more than a factor of two, from average concentrations in the Southern Ocean of 105 μmol/kg to average concentrations in tropical waters of 240 μmol/kg. This low [CO 3 2− ] is due to (i) low SST and CO 2 -system thermodynamics and (ii) large amounts of upwelled deep water, which is more acidic from organic matter remineralization. Orr et al. (2005) suggest that the entire Southern Ocean and the subarctic Pacific will be undersaturated with respect to aragonite by 2100. These severe saturation states are expected to manifest first in winter, when the pCO 2 in seawater is the highest at low temperature and wind-driven mixing of subsurface water into the mixed layer (Feely et al. 2004) .
Some of these cold, low pH surface waters in Southern Ocean will be exported northward as Antarctic Bottom Water into the Pacific, Atlantic and Indian Oceans. Large areas of deep seafloor (∼>4 km), especially in the North Pacific, will receive more severe influence because of no carbonate sediments below CCD and/or little carbonate between lysocline and CCD. Of course, the atmospheric concentration of CO 2 have various influence to the ocean: acidification, SST increase, more stratified surface water, slowdown of ocean conveyor belt, modification of dissolved oxygen in deep seawater, reduction of primary production, decrease in export production. As demonstrated in the P/E transition, the co-variation will provide more severe environments to the calcareous benthic animals (Thomas 2007). Kuroyanagi et al. (2013) cultured shallow-water benthic foraminifera living in coral reefs. The high tolerance of the foraminifera to extremely low dissolved oxygen condition.
Of these, ocean acidification will probably be the first grade of factors to control benthic calcareous fauna (Dayton 1990; Freiwald et al. 2004; Green et al. 2004) . In order to assess future impact on the ocean acidification, laboratory experiments and field observations are required because of limited data at the moment.
SUMMARY AND CONCLUSIONS
ODP Leg 199 Site 1220 provides a continuous sedimentary section across the P/E transition in the carbonate-bearing sediments on 56-57 Ma oceanic crust.
1 The apparent change in the dominance of calcareous to agglutinated benthic fauna at the P/E transition at Site 1220 is particularly noteworthy, consistent with those obtained from Tethys Ocean and is very likely due to a pH decrease under well-oxygenated deep water. 2 The absence of the more resistant calcareous benthic foraminifera and little or no preservation of planktonic foraminifera indicates that no calcareous benthic foraminifera lived on the seafloor at the P/E transition at Site 1220. High pressure influencing on the carbonate saturation is another important factor to control carbonate saturation level. Saturation level of [CO 3
2− ] increases rapidly versus water depth. 3 Box model calculation demonstrates that, for the same mean alkalinity as today, pCO 2 must increase from 280 ppm to about 410 ppm in order to make the P/E deep ocean undersaturated under oversaturated surface ocean. An increase in pCO 2 would be consistent with that estimated from paleobotanical evidence. 4 Current global emission rate (∼7.3 peta gC/y) of anthropogenic carbon input is approximately 30 times the estimate of that at the P/E transition. The benthic fauna will be threatened in combination with ocean acidification, SST increase and more stratified surface water in future.
